Red blood cells (RBCs) undergo irreversible biochemical and morphological changes during storage, contributing to the hemorheological changes of stored RBCs, which causes deterioration of microvascular perfusion in vivo. In this study, a home-built optofluidic system for laser speckle imaging of flowing stored RBCs through a transparent microfluidic channel was employed. The speckle decorrelation time (SDT) provides a quantitative measure of RBC changes, including aggregation in the microchannel. The SDT and relative light transmission intensity of the stored RBCs were monitored for 42 days. In addition, correlations between the decorrelation time, RBC flow speed through the channel, and relative light transmission intensity were obtained. The SDT of stored RBCs increased as the storage duration increased. The SDTs of the RBCs stored for 21 days did not significantly change. However, for the RBCs stored for over 35 days, the SDT increased significantly from 1.26 ± 0.27 ms to 6.12 ± 1.98 ms. In addition, we measured the relative light transmission intensity and RBC flow speed. As the RBC storage time increased, the relative light transmission intensity increased, whereas the RBC flow speed decreased in the microchannel. The optofluidic laser speckle image decorrelation time provides a quantitative measure of assessing the RBC condition during storage. Laser speckle image decorrelation analysis may serve as a convenient assay to monitor the property changes of stored RBCs.
Introduction
Red blood cells (RBCs) are the most widely transfused blood component, frequently required for patients with anemia or significant blood loss [1, 2] . RBCs can be stored for up to 35 days within an anticoagulant solution (typically CPDA-1; citrate-phosphate-dextrose-adenine-one) at 4 ± 2˚C depending on the condition of preservation [3, 4] . During storage, RBCs undergo a series of biochemical and mechanical/morphological changes, including RBC deformability, hemolysis, and aggregability. These changes may cause negative effects known as 'storage lesions' on RBC transfusion [5] [6] [7] [8] . In particular, RBC aggregability may contribute to PLOS ONE | https://doi.org/10.1371/journal.pone.0224036 October 22, 2019 1 / 14 a1111111111 a1111111111 a1111111111 a1111111111 a1111111111 microcirculatory impairment, causing risk for the recipients [9] . Blood storage can alter the hemorheological properties due to the changes of RBC deformability and aggregability [9] [10] [11] . Thus, further researches are necessary to understand the rheological changes in stored blood for clinical application [11, 12] . Firstly, micropipette aspiration was used to investigate the stored RBC conditions, using negative pressure to aspirate the RBCs into the micropipette. Recently, stored RBC conditions have been characterized by stretching RBCs using a rotating plate under certain shear stress [13] . Not only has the optical trapping force been adopted to check the stored RBC condition by stretching the RBC, but also a microfluidics measurement using dielectrophoresis force has been suggested to investigate the stored RBC condition [14] . However, these techniques may not be capable of checking large volumes of RBCs continuously, and they are time-consuming and expensive.
In this study, we report a novel approach to monitor the properties of stored RBCs with a measurement of the speckle decorrelation time (STD) of the RBCs flowing through a microfluidic channel. We developed a highly sensitive speckle intensity fluctuation analysis in an optofluidic system and investigated whether the speckle intensity fluctuation in stored RBCs could be used to evaluate the storage-dependent RBC property change under cold storage conditions.
Materials and methods

Theory
The laser speckle patterns of the interference of light after multiple scattering through a medium containing dynamic scatters can fluctuate over time. The effect of RBC property changes including aggregation can be probed by monitoring the fluctuation of the speckle pattern from an optically transparent microfluidic channel over time. There are two standard approaches to calculate the autocorrelation function. The first approach includes an analysis of the power spectrum of the detected signal:
For the second, the temporal autocorrelation of the intensity can be written as
where I m (t) is the transmitted scattered light intensity captured by the detector at time t o and t o +τ, while M is the total number of pixels on the sensor. The intensity and electrical autocorrelation function can be converted into the field autocorrelation function by the Siegert relationship [15] .
Here, β depends on the laser coherence length, laser stability, and the number of the speckles detected. In our experiment, β was determined to be 0.6~0.7 by calculating β = g 2 (0)−1. g 1 (τ) is the electrical field autocorrelation function that can be written as [15, 16] :
However, by examining different shear flow depending on an intensity-based autocorrelation function, with reference to Wu et al., Eq (4) becomes [17] :
where t s À 1 ¼ Gk 0 l � = ffi ffi ffi ffi ffi 30 p and τ B = D k 0 2 are the relaxation time from laminar shear flow and Brownian motion, respectively, Γ is the shear flow, P(s) is the particle distribution of path lengths in the medium, τ o = 1/(Dk 0 2 ) is the mean-square displacement of the scattering particle characterized decay time, k 0 is the wavenumber of the light in the medium, D is the diffusion coefficient, l � is the transport mean-free path, and s is the path length [16, 17] . From this equation P(s),k 0 , and l � are essentially fixed in the same experimental configuration. Additionally, from this equation, it is expected that g 1 (τ) will decay faster by increasing the shear flow (Γ). The diffusion coefficient can be described by the Einstein-Stoke equation:
where K B is Boltzmann's constant, T is the absolute temperature, η is the viscosity of the medium, and r is the particle radius. g 1 (τ) also decays more rapidly for smaller particles and lower viscosity. According to the theory, the SDT g 1 (τ)) will vary depending on medium viscosity (η) and particle size (r). Furthermore, plasma viscosity, RBC deformability, and aggregation were well known to increase with increasing RBC storage period which shows and explain the change in viscosity of stored blood with the storage time [18, 19] . Because the effective particle size may be bigger with stored RBC aggregation, we measured the SDT of stored RBCs based on the autocorrelation function in a microfluidics chip with a square shape.
Speckle fluctuation measurement system
We captured the RBC speckle intensity fluctuation with respect to RBC storage duration and measured the SDT using a home-built laser speckle imaging system with a microfluidic channel ( Fig 1) . An optical table with vibration isolation was used to ensure the stability of laser speckles with minimum noise. A diode-pumped solid-state (DPSS) laser (λ = 532 nm) with an output of 50 mW (LSR-0532, Changchun New Industries Optoelectronics Technology Co., Ltd., China) was used to transilluminate the microfluidic channel from a multimode fiber (M72L02, Thorlabs, New Jersey, USA) connected to a fiber coupler (Thorlabs PFA-X-2-B). The microfluidic chip was gently fixed with a slice anchor (Warner Instruments, SHD-22L/15) at room temperature (20˚C~22˚C). The laser was turned on for 5 min to stabilize the light source before conducting experiments (S3 Fig) . The light speckle intensity fluctuation was captured using a microscope objective lens (Plan N 4C, NA 0.1, Olympus) focused on the top surface of blood flow in the microchannel, together with a linear polarizer and an aperture (diameter: 8 mm) to match the size of a single speckle to approximately 3×3 pixels. We used a scientific CMOS camera (Neo 5.5 sCMOS, Andor Technology Ltd. Belfast, UK) at a frame rate of 1,250 frames per second with an exposure time of 0.8 ms.
Blood collection from rat tail
The experiment was carried out using male Sprague Dawley rats (n = 13, 14~16 weeks old with body weights between 280 and 300 g). This animal handling was carried out in strict accordance with the recommendations in the guidelines of the Institute Animal Care and Use Committee of the Gwangju Institute of Science and Technology, South Korea. The protocol was approved by the Laboratory Animal Resource Center, Gwanju Institute of Science and Technology, South Korea (Protocol Number: GIST-2019-015). All procedure was performed under gas anesthesia, and all efforts were made to minimize suffering. The tail vein was used to draw 1.5~2 ml of whole blood using a 26 G needle from animals. The blood was stored in a sterile blood collection tube with citrate-phosphate-dextrose-adenine (CPDA-1) [20] . Plateletfree plasma was separated by centrifugation at 3000 G for 20 min followed by removal of the platelet-rich plasma region. The RBCs were washed three times with isotonic phosphate buffered saline (PBS, pH +7.4, 290 mOsmol/kg). The RBCs were then resuspended in the plateletfree plasma. The RBC samples acquired from each animal (n = 13) were aliquoted and kept in the refrigerator until experiments. For all our experiments, hematocrit was fixed at approximately 45%. Each measurement was performed with different aliquot with a volume of 100 μl which was taken out of the refrigerator and placed in the inlet chamber. The treated RBCs was exposed to the room temperature for five minutes prior to the experiment to reach thermal equilibrium with room condition.
Fabrication of microfluidic devices
The microfluidic devices were fabricated with standard soft photolithographic techniques. Master mold fabrication includes a spin coating of a photoresist film, and exposure mask to UV light, and developing a pattern on a silicon substrate. We attached the completed master as a mold on a petri dish and poured the polydimethylsiloxane (PDMS; Sylgard 184 A/B, Dow Corning, South Korea) mixed with a based and curing agent. Petri dish with PDMS inserted on a vacuum chamber for 30 minutes to remove air and cured in an oven (80˚C for 1 hour). After punching holes (inlet 5 mm, outlet 1 mm diameter) with biopsy punches, we treated the PDMS slab with plasma at 250 W and 80 m Torr (CUTE, Femto Science Co., Korea) for 50 seconds. After oxygen plasma treatment, the PDMS slab was bonded to the slide glass [17, 21] .
Microfluidics system operation
The microfluidics system was made up of a vacuum generator consisting of a syringe pump in withdrawal mode, a solenoid valve, a 3-way valve, and a 50 ml syringe for dead volume. The microfluidic chip contained a channel of 45 mm in length, 1 mm in width, and 45 μm in height. The region of interest (ROI) for the speckle imaging (128 × 512 pixels) was chosen near the outlet reservoir with a 1 mm diameter at the end of the channel sides, as shown in S4 Fig. The treated-blood sample was introduced to the inlet of the microfluidics chip. We used 1 mL syringe racked in the syringe pump (Pump 11 Elite Programmable Syringe Pump, Harvard Apparatus, US), the pulling volume was fixed at 200 μL using a withrawal flow rate of 5 mL/ min. When the solenoid valve was opened, the treated-blood samples were driven by a negative pressure gradient inside the microchamber. We applied a relatively large dead volume chamber, which was connected to a syringe pump to relieve pressure fluctuation during the experiment. The treated blood began to flow into the microfluidics channel under a constant pressure gradient.
Speckle decorrelation time (SDT) analysis
The 1,250 images-more than enough to obtain a complete SDT obtained with the Andor camera-were stacked and stored on a .tif file format using the Andor software, Solaris S. The images were analyzed with a custom-written Matlab program to compute the decorrelation time which took a few seconds. (Intel single core i7-6700). The autocorrelation function, known as the serial correlation per image, of the intensity distribution of pixels with time was calculated. The space-time correlation is described by Eq 2. The decorrelation time was calculated as the time for a correlation between the initial image and the subsequently captured images of the speckle time series. We took the half value of the autocorrelation curve to calculate the decorrelation time i:e:; Initial value g 1 ðtÞþLast value g 1 ðtÞ 2 À � [22] 
Relative light transmission intensity and RBC flow speed analysis
The relative light transmission intensity and RBC flow speed were recorded simultaneously. The RBC flow within the ROI was calculated as the transit time of the blood from the start to the end of the ROI of 0.8 mm. Simultaneously, the light transmission ratio was measured as the treated RBCs reached the end of the ROI region (S1 and S2 Figs). As the blood reached the end of the ROI region, the light speckle pattern was recorded for 2 s using the sCMOS camera. The resultant RBC flow speed and light transmission versus time profiles were analyzed to determine the magnitude and time course of aggregation [23] [24] [25] .
Results
SDT varies with RBC storage duration
We measured the SDT for stored RBCs for 6 weeks. RBCs were stored at 4˚C in a refrigerator. The RBC decorrelation time was evaluated on the first day of blood collection and was repeated on days 7, 14, 21, 28, 35, and 42 of storage (n = 13 animals). The speckle correlation curves were analyzed with double exponentials depending on the RBC storage duration ( Fig  2) . Each SDT was measured at half of the initial and the last values [22, 26] . The SDT increase was more prominent after 28 days of RBC storage (Figs 3 and 4) .
We compared the SDTs with respect to the duration of RBC storage (Fig 3 and S1 Movie) . While the SDT of the RBCs stored for up to 14 days was not significantly different from that of the fresh RBCs, the SDT increased after 21 days. Notably, the SDTs significantly increased after 28 days. We noted differences in the decorrelation times of RBCs for different RBC storage durations (Fig 3) . We also measured the transmission light through the channel and analyzed the relative light transmission intensity change depending on RBC storage duration. The trend was similar; the light transmission was increased over the RBC storage duration ( Fig 4A) which is mainly associated with RBC aggregation [27] [28] [29] . The transmission light intensity was background subtracted and the differences were normalized with the background intensity. To measure the background intensity, the channel was kept empty, and speckle images were captured through transmission light intensity passing through the channel. 
Discussion
It has been observed that stored RBCs undergo irreversible changes in their biomechanical and biochemical properties, and many researchers suggest these changes occur during RBC storage [30] [31] [32] . The routine temperature for cold storage is usually 2-5˚C; because of this, RBC aggregation increases as a result of oxidative injury [30] . The aggregation level increase in stored RBCs is a major determinant of blood viscosity as it reduces the flow speed gradually due to the hydrodynamic resistance during the blood migration [18, 33] . According to Wu et al., the SDT increases as the particle size (r) in the fluid increases, and we consider a similar relationship between the SDT and aggregated RBCs in the stored sample [17] . The SDT also depends on the viscosity (η); the more viscous the fluid, the longer is the SDT we obtain. However, according to Eq (5), the speckle decorrelates faster, i.e., SDT reduces, as the shear flow increases [17, 34] . Therefore, we can conclude that larger particle size (r) and high viscosity (η) are the reasons for a slower SDT, while increasing the shear flow results in a faster SDT of stored RBCs.
In this study, we determined the SDT of fresh RBCs and stored RBCs for a duration of up to 42 days, and we observed that SDT increases as the stored RBC duration increases. The SDT of stored RBCs for longer periods (28~42 days) increased significantly compared with that of the RBCs stored for 21 days and shorter, as shown in Fig 3. The SDT of stored RBCs, fresh2 1 days, appeared to slightly increase without statistical significance. It was reported that the significant depletion of ATP degradation and oxidative injury increased more after 28 days of storage, therefore, the aggregation level of the sample increased [35] . Furthermore, it was observed that RBCs became stiffer after 28 days of storage [36] . These results agree with our findings that the SDT increased after 28 days of storage.
The aggregation of RBCs results in a decreased number of particles in suspension, therefore, the increased light transmission and decreased backscattering is an important factor of in vivo blood flow dynamic [37, 38] . Our data also shows that the relative light transmission intensity increased after 28 days of RBC storage, as shown in Fig 4A. The RBC flow speed dramatically decreased after 28 days of RBC storage, demonstrating an inverse relationship with the SDT. Other studies of relative light transmission intensity also show a similar tendency [10, 11, 27, 35, 38, 39] . However, the level of increase in the relative light transmission intensity and decrease in the RBC flow speed during storage vary among different studies, potentially due to differences in RBC storage methods and different measurement techniques to determine the level of transmission light intensity and RBC flow speed.
In this study, we investigated the relationship of RBC storage duration with SDT, relative light transmission intensity, and RBC flow speed. As shown in Fig 5A, the relative light transmission intensity has a positive correlation with the SDT, which reflects that the RBCs aggregate over a long storage duration resulting in a higher decorrelation time, hence, the relative light transmission intensity increases for these samples [38, 40] . Therefore, the correlation between the relative light transmission intensity and the SDT accounts for the enhanced RBC aggregation in the ROI of the channel. Thus, the increase of sample aggregation not only increases the light transmission intensity, but also the SDT, as mentioned in Eq (5) [17, 40] . We have demonstrated these relationships through the experiments. In contrast, the correlation between the RBC flow speed with relative light transmission and decorrelation time is strongly negative, as shown in Fig 5B and 5C . The reduction in the RBC flow speed with storage duration could be explained by the increased viscosity of the RBC sample, because of the well-established relationship between the viscosity of the RBC sample, RBC aggreagation, deformability, and RBC storage duration [18, 19, 41] . However, the relation between the scale factor and SDT may not be thoroughly explained by RBC aggregation and viscosity only. We found SDT increases with particle sizes and decreases with flow rate using microsphere particles to demonstrate the sensitivity of our approach (S6 Fig). Our work, for the first time, measured RBC SDT changes during storage by the aggregation of RBCs. We suggest that measurement of the decorrelation time can be exploited to determine the expected duration of RBC storage. Traditional techniques to measure the characteristics of stored RBCs have been investigated, including several techniques for the quantification of RBC aggregation processes, such as erythrocyte sedimentation rate (ESR), image analysis method, ultrasound back-scattering techniques, photometric method, LORCA (mechatronics, Netherlands), and light-transmission slit rheometer (LTSR) [42, 43] . Although these methods have their advantages, they are systematically complicated, e.g., the analysis methods and measurement procedures require large sample volumes. The proposed SDT method involves a simplified system of easy operation with only a low blood volume (10 uL). In addition, our system can offer multiple parameters simultaneously through a single microfluidic device: SDT, relative light transmission, and RBC flow speed, which can provide more precise indicators before the transfusion of blood for patients. The results of our study are in accordance with previous studies investigating RBC aggregation during storage [31, 36, 44] .
The current study does have limitations. While the experiments were performed at room temperature (20˚C~22˚C), a more accurate temperature-controlled environment could have improved the repeatability of our measurements. We used a tube with additional CPDA-1 instead of a clinical RBC storage bag to store the RBCs due to the small volume of rodent blood. Therefore, the quantitative result may not be the same as that of a clinical sample in a blood collection bag. In addition, macromolecules of RBC membrane surface related to blood coagulation and aggregation were affected by cold storage [43, 45, 46] . Thus, the relationship between the macromolecular changes on the RBC membrane surface and SDT is still unknown and worth further study using conventional membrane staining techniques and flow cytometry. Yet, the relationship between SDT and rheological properties of RBC (i.e. RBC deformability, aggregability,) with respect to RBC storage duration is unknown and worth additional investigation (See S5 Fig) . Further mechanistic investigation between the SDT and indication of the RBC aging process, including mechanical or biochemical alterations, would provide more insight into the phenomenon. As this proof-of-concept study was conducted using rodent blood, SDT measurement of human blood samples with further characterization would prove the applicability of the SDT in clinical settings.
Conclusion
In this paper, we demonstrated the first optofluidic laser speckle image decorrelation time analysis to assess stored RBCs with simultaneous measurements of the SDT, transmission light intensity, and blood flow speed in the microfluidic channel. As the stored RBC ages, the decorrelation time was found to increase significantly along with the other measured parameters, indicating that the SDT might be a useful parameter to assess the quality of stored RBC in transfusion medicine. This SDT measurement requires only ten microliters of blood sample and allows a rapid assessment of stored RBC quality in a quantitative manner. This new approach could shed light on the assessment of stored RBCs and help develop better strategies to improve the currently limited RBC storage in transfusion medicine. 
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